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Abstract Diversity among sugar beet accessions re-
leased over the "rst 50 years of public breeding in the
United States was examined to ascertain a baseline of
genetic diversity and to gauge the e!ect of breeding on
the loss or gain of diversity over this time period.
Accessions were chosen as released germplasm from
the major breeding stations contributing to the US
germplasm pool and their presumed ancestors from
Europe, including representatives for the wild forms
Beta vulgaris ssp. maritima. Sixty nine polymorphic
RAPD fragments were used for gene frequency
analysis, and heterozygosity was determined within
and among groups of accessions related either by
breeding station or simply inherited agronomic
characters for monogerm seed and restoration of
fertility in a cytoplasmic male-sterile background.
In general, heterozygosity within releases declined
with time, but total genetic diversity in the US
germplasm pool remained constant. Breeding for the
agronomic characters had a marked in#uence in reduc-
ing diversity.
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Introduction

Sugarbeet (Beta vulgaris L.) has been speci"cally se-
lected and bred for sucrose production over the past
two centuries (de Bock 1986; Winner 1993). During the
"rst 100 years of selection, sucrose levels in B. vulgaris
dramatically increased from relatively low levels of
sucrose (e.g. from less than 6% to more than 12%),
beginning from open-pollinated selections of fodder
beets grown in a small region of Europe (Fischer 1989).
The bulk of the United States germplasm is derived
from this European material, probably from a limited
number of introductions selected for curly top virus
resistance and Cercospora leaf spot resistance begin-
ning in the late 1920s (Coons 1936; Lewellen 1992).
Breeding for additional and higher levels of disease res-
istances, e.g. Cercospora leaf spot, Rhizoctonia root rot,
rhizomania, Aphanomyces seedling disease and a host of
viral and storage rot organisms, continues to be impor-
tant (Bosemark 1993) as does understanding the genetic
basis of these and other characters (Smith 1980).

The relatively recent inception of sugarbeet com-
pared with other major crops, as well as its migration
from Europe to America, have caused concern that the
extent of genetic diversity within the United States
sugarbeet germplasm pool, and the sugarbeet germ-
plasm as a whole, may be narrow (Coons 1936, Bose-
mark 1979, Panella 1996). For much of its cropping
history sugarbeet varieties have been maintained as
open-pollinated populations with large numbers of ef-
fective parents. Breeding has relied to a great extent on
mass selection, with a presumption that allelic diversity
has been maintained in these populations. Only within
the last 25 years have hybrids assumed importance
(Hecker and Helmerick 1985). The introduction of hy-
brid breeding and the near ubiquitous deployment of
three Mendelian recessive characters, two involved
in the restoration of male fertility (Owen 1945) and
one for monogerm seed (Savitsky 1952), has likely



narrowed the germplasm base of sugarbeet further
from initial (unknown) levels.

Genetic diversity in sugarbeets, related species and
subspecies has been examined at a number of levels.
For instance, Shen et al. (1996) examined 26 accessions
of wild beets closely related to cultivated Beta vulgaris
and, using random ampli"ed polymorphic DNAs
(RAPDs), were able to "nely discriminate relationships
among the taxonomically di$cult subspecies within the
section Beta. Mita et al. (1991) examined accessions
within sections Beta and Patellares with restriction
fragment length polymorphisms (RFLPs) and concur-
red with taxonomic treatments (Ford-Lloyd and Wil-
liams 1975, Letschert et al. 1993) that the two sections
are widely divergent. These and additional sections
have been examined at the level of nuclear ribosomal
gene structure (Santoni and BervilleH 1992) and repeti-
tive DNA sequences (Jung et al. 1993, Schmidt and
Heslop-Harrison 1994; Kubis et al. 1997), each sup-
portive of the current taxonomic view of the genus
Beta. Recently, Kraft et al. (1997) examined a wide
range of working sugarbeet breeding lines and wild
beet (Beta vulgaris ssp. maritima) accessions with
RFLPs and a pooled sampling strategy and showed
that wild beets had the greatest number of alleles per
locus, followed by multigerm and then monogerm
sugarbeet accessions. In large part these studies exam-
ined diversity from one or a few plants from each
accession or from bulked samples from a larger number
of individuals. While useful in detecting accession-spe-
ci"c di!erences, the e!ect of changing allele frequencies
during breeding appears to be an overlooked compon-
ent of genetic diversity within sugarbeet.

We report on a number of varieties and germplasm
releases which have likely played a signi"cant role in
the development of the United States germplasm base
from its beginnings from European germplasm in the
early 1920s (reviewed in Lewellen 1992). These varieties
span the history of germplasm releases of the USDA
(comprehensively listed in Doney 1995) to about 1970.
A few representatives of B. vulgaris ssp. maritima were
also included to better assess the relative di!erentiation
of sugarbeet with its putative wild ancestors. While not
designed to be comprehensive in scope, these results
provide an assessment of population structure in a
selected, diverse set of sugarbeet germplasm used in
United States varietal development as well as compara-
tive information on wild germplasm populations which
may be important sources of genetic variability for the
future (Dale et al. 1985, Van Geyt et al. 1990).

Materials and methods

Plant material

Plant material from 15 USDA sugarbeet parent and germplasm
releases (Doney 1995), four sugarbeet lines deposited in the USDA

National Germplasm System by the (then) Great Western Sugar, Co
(Longmont, Colo.), 4 accessions classi"ed as Beta vulgaris ssp. mari-
tima (L.) and one breeding line generously supplied by Dr. Robert
Lewellen (Salinas, Calif.). Salient features of these accessions are
given in Table 1. All accessions except EL48, SP6822 and C6869
areavailable through the National Plant Germplasm System
(http://www.ars-grin.gov/npgs/). The exceptions may be obtained
from the "rst author. It should be mentioned that SP6822, obtained
in this case from a generous donation by American Crystal Seed
(Moorhead, Minn.), is a seed increase of SP6322 listed by NPGS.

DNA extraction and polymerase chain reaction (PCR)

DNA was isolated and PCR reactions done as per methods
described in McGrath et al. (1994). Primers were obtained from
Operon Technologies (Alameda, Calif.). DNA was ampli"ed with a
Thermolyne Amplitron II thermocycler. Digital images of each gel
obtained with the same primer were assembled into a single "le
using Photoshop (Adobe) and scored.

Data Analysis

Seven primers were used in this study with a total of 69 markers
scored as either present or absent (Table 2). Gene frequencies were
tabulated and input into genetic distance and phylogenetic analysis
package DISPAN (Ota 1993, based on Nei 1987).

Results

Twenty-three accessions of Beta vulgaris (Table 1) were
examined with seven decamer primers. These seven
primers were chosen to amplify the fewest and best
resolved number of fragments from 31 tested, as re-
ported in Eagen and Goldman (1996). From the seven
primers used, 69 polymorphic ampli"ed fragments
(RAPDs) were scored. Many other fragments were evi-
dent, however they were not considered informative
since they were either weak in their expression, mono-
morphic among all accessions or not directly com-
parable between accessions due to closely migrating
fragments.

The accessions tested were chosen as a representative
sample of the sugarbeet germplasm base which has
contributed signi"cantly to sugarbeet varieties and hy-
brids developed in the United States from about 1920
through the 1970s. These accessions are publicly avail-
able, and their derivatives still contribute signi"cantly
to current varieties grown today, particularly with re-
gard to disease resistance. Additionally, 5 accessions
were examined that may have utility for future USDA-
ARS breeding e!orts at East Lansing; C6869 and 4 wild
accessions. Generally, 12 plants of each accession were
analyzed individually, though some accessions had
fewer plants (indicated in Table 2).

For the ampli"ed fragments scored, gene frequencies
were determined from the presence or absence of
a particular ampli"ed fragment across all accessions
(Table 2). Fragments of identical size were assumed to
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Table 1 Key to the accessions used in this study, their primary selection pressure, approximate date of release and special breeding
considerations

D Cultivar Accession no. Trait selected Date Unique features!

1 R&G Old Type NSSL 142033 German progenitor Pre-1920
2 Klein E PI590588 German progenitor Pre-1920
3 US33 PI590580 Curly top 1936
4 US22/3 PI590708 Curly top 1948
5 SLC101 NSSL29900 Monogerm progenitor 1948 mm, SF
6 US75 PI590586 Curly top 1952
7 NB1 (S20) PI590676 Non-bolting 1954 SF, O-type
8 SLC 133 (7401) Ames2663 Curly top 1960 mm, O-type
9 SLC 129 cms PI590862 Curly top 1968 mm, cms

10 GW85-46R NSSL28036 Cercospora ca. 1940
11 GW59-47A NSSL28033 Cercospora ca. 1940
12 GW359-56A NSSL28059 Cercospora ca. 1950
13 GW304-50A NSSL28044 Cercospora ca. 1950
14 US401 W617102 Aphanomyces 1960
15 EL48 E. Lansing, Mich. Multiple disease 1984 mm, O-type
16 SP6822 ACH Aphanomyces ca. 1958
17 FC701 PI590661 Rhizoctonia 1968
18 C01 PI590679 Virus yellows 1977
19 C6869 Salins, Calif. Rhizomania NR mm, SF
20 Wild beet WB879 PI540625 B. vulgaris spp. maritima Wild-France
21 Wild beet WB185 PI546409 B. vulgaris spp. maritima Wild-UK
22 Wild beet 002/79 PI546523 B. vulgaris spp. maritima Wild-Greece Presumed SF
23 Wild beet PI504196 B. vulgaris spp. maritima Wild-Italy

!mm, Monogerm seed, SF, accessions with dominant self-fertility allele, O-type, accessions doubly recessive at X and Z loci required for
maintenance of cytoplasmic male sterling breeding lines; cms, cytoplasmic male sterility, NR"not released

be the same allele at a locus, although it was unlikely
that this assumption was satis"ed in all cases since their
genetic basis has not yet been determined. All alleles
scored in this data set showed polymorphism, and most
were present in 2 or more of the 23 accessions. How-
ever, in three cases (two in the sugarbeet accession
GW59; AE09-2100 and AF05-1800 and one in EL48;
AE09-500; Table 2) accession-speci"c loci were ob-
served, excluding the wild accessions. Additional frag-
ments were ampli"ed in the wild accessions but not
observed among sugarbeet accessions (data not
shown). Although well resolved, these wild accession-
speci"c loci were not included in the diversity estimates
since their inclusion did not substantially a!ect con-
clusions regarding sugarbeet per se. Thus, diversity
between wild accessions and sugarbeet was under-
estimated. Similarly, exclusion of monomorphic ampli-
"ed fragments from the sugarbeet accessions, by design,
likely overestimated their diversity scores.

Average heterozygosity (i.e. gene diversity) within
accessions is given in Table 3. Heterozygosity was
lowest in those accessions with a known or presumed
self-fertility allele (Table 2 and accession PI 523 where
seed set was observed on isolated plants) with the
exception of C6869. C6869 also segregated for a Men-
delian male-sterility gene, and this mechanism forced
some degree of out-crossing. Heterozygosity was high-
est in those accessions deposited by Great Western
Sugar, Co (pre"x GW) with the exception of GW59,

which originated in large part from a single plant selec-
tion (Brewbaker et al. 1950). Heterozygosity tended to
be low in accessions homozygous for the recessive allele
for monogerm seed (genetic symbol mm, Table 1), with
the exception of SLC133. Most of these monogerms
also carry alleles at the X and Z loci, which when
homozygous recessive, prevent pollen fertility in sterile
cytoplasms. Reduced heterozygosity as the result of
inbreeding for these essential modern agronomic char-
acters was expected.

Accessions with related characteristics were used
to determine a group heterozygosity over all loci
(Table 4). Characteristics considered were (1) approx-
imate date of introduction or release as reported in
Doney (1995) and Lewellen (1992), (2) selection pres-
sure applied to accessions which corresponds to geo-
graphic location of the breeding stations where these
groups were released (see below), (3) monogerm versus
multigerm seed character (note many monogerms are
also O-type, the shorthand designation for the normal
cytoplasm, male-fertile maintainer line counterpart in
cytoplasmic male steriles) and (4) self-fertile (SF) lines
with a dominant SF allele occasionally used to enforce
inbreeding. Breeding station releases included a set of
curly top virus-resistant accessions selected predomi-
nantly in the Western and Inter-mountain areas of the
US (Group 1, Table 4), the Cercospora beticola caused
leaf spot-resistant materials predominantly from the
Great Western Sugar Co (Group 2), the Eastern US
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Table 3 Average heterozygosity (i.e. gene diversity) and standard
errors within accessions ranked from lowest observed heterozygos-
ity to highest

Accession Gene SE Gene Group"

diversity identity!

SLC101 0.040 0.014 0.960 SF
NB1 0.045 0.015 0.955 SF
PI 523 0.084 0.017 0.916 SF
SLC129cms 0.117 0.024 0.883 1
EL48 0.136 0.026 0.864 3
US75 0.149 0.023 0.851 1
C6869 0.160 0.027 0.840 SF
FC701 0.164 0.025 0.836 4
PI 409 0.168 0.026 0.832 5
PI 196 0.173 0.027 0.827 5
GW59 0.177 0.027 0.823 2
US401 0.179 0.027 0.821 3
SP6822 0.179 0.028 0.821 3
PI 625 0.188 0.027 0.812 5
US22/3 0.205 0.027 0.795 1
R&G Old Type 0.210 0.026 0.790 4
US33 0.218 0.027 0.782 1
SLC133 0.230 0.027 0.770 1
CO1 0.232 0.027 0.768 4
GW304 0.235 0.026 0.765 2
GW85 0.248 0.027 0.752 2
Klein E 0.263 0.026 0.737 4
GW359 0.303 0.028 0.697 2

!Gene identity equals 1-gene diversity
"Groups were based on location of release (see text, used in Table 4)
or presence of the self-fertility allele (SF)

group selected primarily for resistance to Aphanomyces
cochlioides-caused seedling disease (Group 3), a miscel-
laneous set of germplasm which included the presumed
ancestral varieties &Klein E' and &R&G Old Type' and
2 accessions selected for either virus yellows or Rhizoc-
tonia solani root rot resistance (Group 4), and the
4 Beta vulgaris ssp. maritima accessions (Group 5).
Results indicate that a continuum of variability is
found within and among these accessions (Table 4).

Regarding release date, it was apparent that average
heterozygosity between populations (Dst) increased
while heterozygosity within populations (Hs) decreased
over time (Table 4). While the total heterozygosity (Ht)
remained similar, greater di!erentiation of accessions
occurred over the time period assessed in these lines
(e.g. Gst"Dst/Ht increased). With regard to location
where an accession originated, the greatest di!erenti-
ation between accessions (Gst, Table 4) was seen
among the wild species, followed by the Eastern
(Group 3), Western and Inter-mountain (Group 1)
set the miscellaneous set (Group 4) and the Great
Western set (Group 2). Again, the total heterozygosity
was roughly equivalent between each of these groups
as was the component of heterozygosity partitioned
between accessions within a group (Dst), with the
exception of the wild species. Heterozygosity within
populations (Hs), however, showed an inverse
relationship with Gst, indicating that selection and
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Table 4 Summary of genetic
diversity scores for groups pooled
by date of release, location of
release, seed characteristic or
presence of the self-fertility allele

Group Accessions! Ht" Hs# Dst$ Gst%

All accessions All 0.311 0.162 0.149 0.479
By release date:
1940s 1, 2, 3 0.258 0.211 0.047 0.180
1950s 4, 6, 10, 11, 12, 13 0.277 0.201 0.075 0.272
1960s 8, 9, 14, 15, 16, 17, 18 0.257 0.160 0.097 0.379

By regional groups:
Group 2 } Great Western 10, 11, 12, 13 0.286 0.221 0.066 0.229
Group 4 } Misc. 1, 2, 17, 18 0.260 0.199 0.060 0.233
Group 1 } Western 3, 4, 6, 8, 9 0.248 0.168 0.080 0.321
Group 3 } Eastern 14, 15, 16 0.223 0.146 0.077 0.345
Group 5 } Wild beets 20, 21, 22, 23 0.272 0.138 0.134 0.493

By seed type:
Monogerm 8, 9, 15 0.214 0.144 0.070 0.327
Multigerm sugarbeet All but mm and wild 0.280 0.195 0.086 0.306
Multigerm All but mm 0.324 0.181 0.143 0.441

By self-fertility:
SF } sugarbeet 5, 7, 19 0.202 0.074 0.128 0.635
SF } all 5, 7, 19, 22 0.281 0.074 0.207 0.735

! Accession ID numbers are listed in Table 1
"Ht, Total heterozygosity (i.e. genetic diversity) with a group of accessions
# Hs, Heterozygosity within populations
$Dst"Ht}Hs"Nei's standard genetic distance"heterozygosity among populations
% Gst"Dst/Ht"di!erentiation of accessions with a group

inbreeding were practiced to di!erent extents with
these programs as represented by these accessions. It
should be noted that diversity in the wild species may
have been arti"cially altered in this report by virtue of
scoring only those ampli"ed fragments also found in
sugarbeet.

Similar trends were seen with both monogerm acces-
sions and accessions with the self-fertility allele, that is
both have been subject to fairly strong selection or
inbreeding. With the exception of heterozygosity within
populations (Hs), monogerm and multigerm accessions
of sugarbeet were remarkably similar in their degree of
di!erentiation (Gst) and heterozygosity between popu-
lations (Dst). These results agree with conclusions
drawn by Kraft et al. (1997). However, within popula-
tions (Hs) there appears to have been a greater amount
of inbreeding or selection among the monogerm seed
types. The degree of inbreeding is highest in the self-
fertile accessions, which showed the least hetero-
zygosity within populations (Hs) and the greatest di!er-
entiation among themselves compared with all other
accessions and groups, as perhaps may have been ex-
pected.

Standard genetic distances (Table 5) were used to
compute a dendrogram of similarity using the Un-
weighted Pair Group Method with Arithmetic Mean
(UPGMA) (Fig. 1). Results were concordant with some
expectations based on accession passport information.
That is, wild accessions were well resolved from sugar-
beet accessions and the progenitors &R&G Old Type'
and &Klein E' (identical varieties with di!erent names,

Lewellen 1992) grouped together. Highly selected ac-
cessions as well as inbreds tended to occupy distal
places on the dendrogram, while the core, highly het-
erozygous (i.e. diverse) accessions showed a central
tendency around &R&G Old Type'/&Klein E'. The exact
relationships within this core, based on the available
pedigree data, did not appear to parallel their breeding
location history but rather may be considered to have
been derived from a common ancestor without large
selection pressures changing allele frequencies at the
loci examined.

Discussion

Gene frequency analysis suggests that genetic di!eren-
tiation of US germplasm occurred during the "rst 50
years of sugarbeet breeding in the United States. Inter-
estingly, the total diversity has not declined in this
collection but has been partitioned between accessions,
as might be expected from their narrow germplasm
base origin. The trend towards homozygosity within
germplasm releases over time has, in part, been the
result of strong selection for disease resistance within
a narrow germplasm pool and to the use of recessive
characters required for crop and hybrid seed produc-
tion world-wide. Generally, mass selection for disease
resistance appears to have reduced diversity to a lesser
extent than breeding for the recessive agronomic char-
acters.
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Fig. 1 UPGMA dendrogram based on Nei's standard genetic
distances

Pedigree information is available for some of these
accessions (Lewellen 1992) but often obscured by time,
particularly regarding direct ancestral relationships be-
tween germplasm releases. In a few cases, such as se-
quential release after selection of &R&G Old Type',
US22/3, US33 and US75, a direct ancestry can be
traced. This sequence is not re#ected in the dendro-
gram (Fig. 1). In others, such as US401 and SP6822,
direct ancestry is inferred from historical data and
supported by the dendrogram, but an unbroken pedi-
gree is currently unavailable. Similarly, SLC129 and
EL48 could share a common ancestor. Although the
result was surprising initially, it is known that SLC129
was used in the East Lansing breeding program during
the 1960s (Hogaboam and Schneider 1982). Thus, ac-
cessions from at least two sources have been used at
East Lansing. It is also known that GW59 and GW85
preceded release of GW304 and GW359, and this is not
re#ected in our data. It may be signi"cant that GW359,
the accession with the highest heterozygosity, included
wide array of germplasm in its lineage, including Cer-
cospora leaf spot resistance from B. vulgaris ssp. mari-
tima (Lewellen 1992). None of our B. vulgaris ssp. mari-
tima alleles we scored were shared with GW359 (data
not shown), but this may not be surprising since leaf
spot resistance was drawn from accessions geographi-
cally and genetically distinct from the ones we exam-
ined here. Finally, two of the wild beet accessions
showed a close relationship with each other, concord-
ant with their (presumed) similar geographic collection
points either side of the English Channel.

There are a number of limitations to the approach
taken here. First, the genetic basis of the ampli"ed
fragments scored is unknown. Ampli"cation of DNA
with RAPD technology can produce spurious results
(e.g. Nilsson et al. 1997 and references therein). Second,
maximizing the number of individuals per accession
tested needed to be balanced against the number of
markers which could be assayed. Nei (1987) argued that
the balance should favor a greater number of loci over
the number of individuals per accession where re-
sources are limiting. Third, the exclusive scoring of
polymorphic markers in the sugarbeet data set overes-
timated diversity in absolute terms. For discerning rela-
tionships among these more or less closely related
accessions, ampli"ed fragments which were monomor-
phic would not have provided additional information.
Similarly, scoring bands in the wild species which were
also present in sugarbeet (assuming allelism) to the
exclusion of all others underestimated the relative di-
versity of the wild accessions relative to sugarbeet.
However, the greatest di!erentiation was observed be-
tween wild and cultivated types.

Our goal was not to reconstruct a phylogeny of the
US sugarbeet breeding history but rather to assess to
what extent breeding has reduced genetic variability
and increased genetic vulnerability. In this respect, this
data has value as a baseline of genetic diversity from
which to assess recent and future loss. Without su$-
cient diversity, selection will be ine!ective. From our
data, su$cient diversity may be present to maintain
breeding progress, providing that parental material for
hybrids is sampled from diverse accessions and not
resampled from progressively more elite breeding lines.
Indeed, the parents of the highly successful three-way
Michigan hybrid, USH20, come from a cross between
derivatives of SLC129 and SLC130 (Western, curly top
resistance gene pool) with SP6822 (Eastern, Apha-
nomyces resistance gene pool) (Coe and Hogaboam
1971). This study also suggests that sugarbeet may
pro"t from additional sampling of wild beets for desir-
able characters. Utilization of wild beet diversity will
have a cost by temporarily reducing the agronomic
potential of elite breeding germplasm, but application
of molecular markers in recovering elite stocks could
e$ciently facilitate the introgression of bene"cial char-
acters while simultaneously removing detrimental ma-
terial, particularly if the location of genes contributing
to the agronomic phenotype of sugarbeet were ad-
equately known.
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